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An analytic approach to the electron transport phenomena in molecular devices is presented. Analyzed 
devices are composed of organic molecules attached to the two semi-infinite electrodes. Molecular 
system is described within the tight-binding model, while the coupling to the electrodes is analyzed 
through the use of Newns-Anderson chemisorption theory. The current-voltage (I-V) characteristics 
are calculated through the integration of transmission function in the standard Landauer formulation. 
The essential question of quantum interference effect of electron waves is discussed in three aspects: 
(i) the geometry of molecular bridge and (ii) the presence of an external magnetic field and (iii) the 
strength of the molecule-to-electrodes coupling.   
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I.  Introduction 
 
     Recent advances in fabrication of molecular junctions based on single molecules [1-3] or 
molecular strands [4-6] have attracted much attention in the experimental and theoretical 
study of these nanoscopic systems. As a matter of fact molecular (or atomic) level represents 
the ultimate in device miniaturization. The operation of such two-terminal devices is due to 
an applied bias. The current flowing across the junction is strongly nonlinear function of bias 
voltage and its detailed description is a very complex problem. The full knowledge of the 
conduction mechanism on this scale is not well understood yet, but the transport properties 
of these systems are associated with some effects of quantum nature (such as: quantization of 
molecular energy levels, quantum interference of electron waves and discreteness of electron 
charge and spin). A quantitative understanding of the physical mechanisms underlying the 
operation of molecular-scale devices remains a major challenge in nanoelectronics research.  
     The main aim of this paper is to introduce an analytic approach, based on tight-binding 
model, to study electronic transport in molecular devices. Although some ab initio methods 
were used to calculate the conductance [7-12], there is still the need of doing it in a simple 
parametric approaches [13-17], especially in the case of a bigger molecular systems. The 
parametric study is motivated by the fact that ab initio theories are computationally quite 
expensive and here we focus our attention on qualitative effects rather (some tendencies) 
then the quantitative ones. That’s why we restrict our considerations only to a simple 
analytical formulation of the transport problem.  
     As a starting point we consider model of benzene-1,4-dithiolate (BDT) molecule [2] in 
between two semi-infinite electrodes. Theoretical investigations presented here taking into 
account the possibility of various geometries of molecular bridge and the presence of an 
external magnetic field.  
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Fig.1  Schematic representation of a molecular device
           (two electrodes spanned by various bridges).  
 
II.  A glimpse onto the theoretical formulation 
 
     Molecular device is considered as a system of organic molecule sandwiched between two 
metallic electrodes (see Fig.1). Since π-electron subsystem dictates the transport properties 
of organic molecules, we have decided to describe molecular bridge through the use of the 
single-band tight-binding model defined with the help of one-electron Hamiltonian:  
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where: ee s º,i  is the local site energy, tt 1i,i º+  is the first-neighbour hopping integral, and 
+
s,ic , s,ic  are creation and annihilation operators for an electron on site i  with spin s , 
respectively. In our simplified picture, the current is depicted as a single-electron scattering 
process between two reservoirs of charge carriers. The molecule itself acts as a strong defect 
in the system and the current flowing through the device is computed as the total transfer rate 
(multiplied by an elementary electronic charge) [18]:  
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where: )x(f  is the standard Fermi distribution function (in the zero temperature limit it 
becomes the step function), Sm  and Dm  are the electrochemical potentials of the source and 
drain, respectively. In our non-self-consistent approach we must postulate potential 
distribution along the molecule. For the sake of simplicity we assume that the electric field 
inside the molecule have a minimal effect on the current-voltage spectrum, so the voltage is 
dropped entirely at the molecule/electrode interfaces [19]:  
 
                                                         2/eVE FD/S ±=m .                                                      (3) 
 
( FE  is Fermi energy level of the electrodes). Anyway, the shape of potential profile do not 
change our general conclusions.  
     The transmission function represents the ease with which electrons can be transferred 
from the source electrode, through the molecular bridge, to the drain and it is expressed as 
follows [18]:  
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The Green function of the molecule is given through the relation:  
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were S  is the overlap matrix (which is equal to identity matrix for the orthogonal basis set of 
states). All the information concerning the molecule-to-electrodes coupling is included into 
the self-energies SQ  and DQ . These functions describe the molecular eigenstates broadening 
(by imaginary parts) and the energy shift (by real parts) that the molecule experiences upon 
the electrode binding. Mentioned coupling is treated within the Newns-Anderson 
chemisorption model [13,20]:  
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where: E  is the injection energy of the tunneling electron, b  is the hopping parameter 
between the surface of each of the electrodes to molecular bridge and g4  is the electron 
reservoir energy bandwidth. In this model, the voltage dependence of the transmission 
function is negligible and for analyzed range of applied voltages it has very little effect on 
the conduction.  
 
III.  Results and their interpretation 
 
     In this paper we concentrate ourselves on transport characteristics (transmission-energy 
and current-voltage functions) of a variety of the molecular devices. As a starting point we 
consider the sample consisted of BDT molecule attached to ideal electrodes (as shown in 
Fig.1 with x-bridge) at the room temperature (293 K). This is a test case simple enough to 
modify and analyze all the essential features of the problem in detail. Common set of energy 
parameters (given in eV) used in our calculations (throughout this work) are chosen as 
follows: 0=e  (the reference energy), 5.2t = , 5.0=b  (weak-coupling case) or 0.2=b  
(strong-coupling case), 0.10=g  [20]. Another essential problem is associated with the 
precise location of the Fermi level relatively to the molecular energy levels. For simplicity, 
we make a realistic assumption that Fermi energy is placed in the middle of the HOMO-
LUMO gap ( 0E F = ) [7].  
     Here we briefly summarize all the essential features of the transport characteristics in two 
distinguished regimes: weak ( t<<b ) and strong ( t~b ) molecule-to-electrodes couplings. 
In the weak-coupling case, the total transmission is almost everywhere very small, except at 
the resonances where it approaches unity (see Fig.2a). Such peaks in the transmission 
spectrum coincide with eigenenergies of the isolated molecule, so the transmission itself 
reproduces the electronic structure of the molecular bridge. With the increase of the strength 
of the coupling, the resonances are shifted and gain substantial widths (see Fig.2b).  
     The scenario for electron transfer through the molecular junction seems to be very simple. 
As the voltage is increased, the electrochemical potentials on the electrodes are shifted and 
eventually cross one of the molecular energy level. It opens a current channel, what is 
observed as a jump in the I-V dependence. The shape and height of the current steps depend 
on the width of molecular resonances. In particular, the height of a step in the I-V curve is 
directly proportional to the area of the corresponding peak in the transmission spectrum 
(since the current is obtained from the transmission function in the integration procedure). In 
the weak-coupling case, the I-V characteristic shows a staircase-like structure with sharp 
steps [20], which is associated with discrete nature of molecular resonances (see Fig.3a). 
With the increase of the strength of the coupling, the current turns into continuous function 
of bias voltage and achieves much more bigger values (see Fig.3b).  
 4 
 a)                                                                        b)  
0 2 4 6
E @e VD10-6
10-4
10-2
100
T
 
0 2 4 6
E @e VD10-4
10-2
100
T
  
Fig.2  Transmission )E(T)E(T -=  as a function of electron energy (with respect to Fermi  
               energy  level) for devices with bridges: x (broken line), y (solid line) and z (dotted line)  
    in the case of weak (a) and strong (b) coupling with the electrodes, respectively.  
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Fig.3  Comparison of the current-voltage characteristics for devices with bridges:  
     x (broken line), y (solid line) and z (dotted line) in the case of weak (a)  
                           and strong (b) coupling with the electrodes, respectively.  
 
A. The geometry of a molecular bridge 
 
     As an example we consider three different bridges (x, y and z depicted schematically in 
Fig.1) to take into account some differences in the geometry of the molecule relatively to 
BDT. The y-bridge is referred to the physical situation in which we add a chemical 
substituent group ( 3CH- ), which can be treated as typical π-electron compound (Of course, 
different substituents could be used and modeled as heteroatoms [21]). The z-bridge is 
associated with the variation of the character of molecular binding to the electrodes (with 
respect to the initial BDT symmetric case). The most important thing is that in this way the 
interference conditions are changed.  
     In considered nanoscopic devices, the electrons are carried from the source to the drain 
through benzene-like molecules. So electron waves propagating along two branches of the 
ring may suffer a phase shift between themselves (due to result of quantum interference 
between the various pathways that the electron can take [22,23]). Such effects lead to 
strengthening or weakening the amplitude of the probability of the electron appearance 
behind the ring (according to the standard interpretation of the wave function). It manifests 
itself especially as transmittance cancellations (some peaks do not reach unity anymore) and 
antiresonances in the transmission spectrum.  
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     Here mentioned phase shift is realized by the variation of the geometry of a molecular 
bridge. For symmetrical BDT molecule we do not observe two states ( 500.2E ±=  eV), 
which are uncoupled with the states associated with the transmission function (broken line in 
Fig.2). Breaking of the molecular symmetry results not only in shifting the perpendicular 
resonances, but also in coupling (“mixing”) with unrevealed states, and therefore more peaks 
are present in the transmission spectrum (solid and dotted lines in Fig.2). Such additional 
resonances do not contribute to the I-V characteristics, because their widths are very narrow 
and have negligibly small effect on the integration procedure (see Fig.3).  
     Another remarkable feature of the transmission is the existence of the transmittance zeros 
[22-24]. Such antiresonance states are specific to the interferometric nature of the scattering 
and do not occur in conventional one-dimensional scattering problems of potential barriers 
[25]. In the case of y-bridge there are three antiresonances for electron energies: 0E =  eV 
and 062.3E ±=  eV, while for z-bridge we have obtained: 0E =  eV and 500.2E ±=  eV (see 
Fig.2). Positions of antiresonances on the energy scale are independent from the strength of 
the molecule-to-electrodes coupling. The widths of that states are again very narrow and can 
not be observed in the I-V dependences. However, the variations of interference conditions 
have influence on the magnitude of the current flowing through the system (see Fig.3).  
 
B. The presence of an external magnetic field 
 
     Now we proceed to control the phase shift by applying an external magnetic field. As an 
example, we consider initial configuration of the BDT-based device (x-bridge in Fig.1), 
where benzene ring is threaded by magnetic field perpendicular to the plane of the molecule. 
Magnetic flux penetrating the ring is incorporated in the hopping parameters through the use 
of the Peierls gauge phase factors [26-30]:   
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where: N2  is the number of atoms in the ring, ò ×= SdB
rr
f  is magnetic flux crossing the ring 
and e/h0 =f  (
1510136.4~ -´  Wb) is an elementary quantum of flux. From the above 
expression (7), one can see that the electron gains an additional phase each time it hops from 
one site of the ring to another (sign of that phase depends on the hopping direction with 
respect to the field). According to the phase shift, there can be a constructive or destructive 
interference after the electron propagation through the benzene ring.  
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Fig.4  Transmission )E(T)E(T -=  as a function of electron energy (with respect to Fermi energy 
             level) for BDT-based device in the presence of magnetic field 40B =  T in the case of weak  
              (solid line) and strong (broken line) coupling with the electrodes, respectively.  
 6 
a)                                                                        b)  
-1.0 - 0.5 0.0 0.5 1.0
f  f0
10-4
10-2
100
T
 
 
- 1.0 - 0.5 0.0 0.5 1.0
f  f010
-3
10 -2
10 -1
100
T
  
Fig.5  Transmission as a function of magnetic flux for BDT-biased device and the injection  
             energy of the tunneling electron 5.0E =  eV (solid line) and 0.1E =  eV (broken line)  
    in the case of weak (a) and strong (b) coupling with the electrodes, respectively.  
 
     In Fig.4 we plot transmission as a function of electron energy for BDT-based device, 
where magnetic field 40B =  T penetrates the benzene ring. Here we can also observe the 
activation of the “hidden” states of the molecular bridge as two additional peaks (at energies 
4995.2E ±=  eV). Each of resonances reach unity and are accompanied by antiresonances (at 
energies 500.2E ±=  eV). Furthermore, Fig.5 shows the Aharonov-Bohm oscillations in the 
transmission as a function of the magnetic flux f  encircled by the ring. As expected, the 
transmission spectrum is flux periodic for all energies of tunneling electron with a period of 
0f . However, there are some suggestions that in the presence of impurities the period is 
changed to 2/0f  [31,32]. In Fig.5 we can also see that transmission decreases to zero for the 
two values of magnetic flux: 2/0ff ±= . Such states are again coupling-independent and 
0f -repeated in a periodical way.  
     Although there are some modifications of the transmission function due to the application 
of a transverse magnetic field, there are no changes in the I-V characteristics. Therefore, the 
current of two-terminal molecular device can not be controlled by a transverse magnetic 
field, which seems to be too large to produce observable phase shift (according to our 
simulations –  hundreds or even thousands of Teslas).  
 
C. The influence of a chemical substituent  
 
     The purpose of this subsection is to make some predictions regarding to the influence of 
the substituent’s location on transport properties of benzene chains. As an example, we take 
into consideration a linear chain of three benzene rings coupled to the electrodes with the 
help of thiol groups (see Fig.6). The chemical substituent ( 3CH- ) can be attached to one of 
this ring in the positions: (1) or (2), respectively. Since in this work we are focused on the 
interference effects only, our further analysis do not touch the problem of charge 
redistribution due to electronegativity of that substituent group (its releasing or withdrawing 
character).  
 
SSource DrainS
(1) (2)
  
Fig.6  Schematic representation of an analyzed sample 
                (numbers denote the position of substituent group).  
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Fig.7  Comparison of the transmission functions )E(T)E(T -=  for three benzene rings: without  
               substituent –  broken line, and with substituent in the position (1) –  dotted line, and (2) –   
               solid line, in the case of weak (a) and strong (b) coupling with the electrodes, respectively.  
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Fig.8  Comparison of the current-voltage characteristics for three benzene rings: without substituent –   
           broken line, and with substituent in the position (1) –  dotted line, and (2) –  solid line,  
           in the case of weak (a) and strong (b) coupling with the electrodes, respectively.  
 
     Transmission spectra (with respect to electron energy) are presented in Fig.7. Particularly, 
the most significant changes for the analyzed samples can be seen in the vicinity of the 
Fermi level ( 0E F =  eV). In the non-substituent case, central peaks reach the unity, while in 
the presence of the methane groups, these central peaks are shifted, lowered in height (below 
unity) and finally separated by antiresonance state (exactly at energy 0E =  eV). Since the 
transmission next to the Fermi energy level has the greatest impact on the I-V characteristics 
of molecular devices, we expect to observe the influence of the substituent’s presence on the 
I-V dependences. Indeed, the magnitude of the current flowing through the device consisted 
of a non-substituent molecule is at least twice (in the strong-coupling limit) or even more (in 
the weak-coupling limit) as large as in the case of attached group.  
     Interesting behavior of the transmission functions is found in the regions around 3~E ±  
eV. One resonant state in the non-substituent system is split into two different peaks 
separated by antiresonances (at energies 062.3E ±=  eV) in the presence of substituent 
group. Generally, the location of the chemical substituent group and the strength of the 
molecule-to-electrodes coupling have no influence on the appearance of antiresonances in 
the considered devices (their energies are always the same). The last conclusion is a simple 
confirmation of our assumption, that we have to do with quantum interference effects. 
However, transmission zeros are again too narrow to be distinguished in the I-V curves 
(being entirely blurred).  
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IV.  Final remarks 
 
     In this paper we introduced parametric approach, based on tight-binding model, to study 
the transport properties of the benzene-ring family of molecules, which can be located into 
an external magnetic field. In fact, presented scheme can be applied to much more 
complicated organic structures, which contain a special class of substituents (π-electron 
compounds). The influence of all two considered factors (the geometry of molecular bridge 
and the penetration by the magnetic field) on electronic transport phenomena seems to have 
the same source. It is explained as the effect of quantum interference of electron waves. 
Especially the origin of antiresonances in the transmission function is understood as a strict 
confirmation of the mentioned effect.  
     For the sake of simplicity, described method is based on several unrealistic assumptions. 
Further investigations are expected to take into account the charge transfer across the 
metal/molecule interfaces just upon binding to the electrodes. It creates a potential barrier for 
moving electrons (Schottky-like) that can modify the transport mechanism through the 
junction [33]. Here we also neglected possible changes in the electronic structure of the 
molecular bridge upon the influence of an applied bias (the static Stark effect). Such field-
induced modification of the molecular states becomes important as the bias voltage increases 
beyond the linear-transport regime [33,34]. However, these effects can be included into our 
framework by a simple generalization of the presented formalism.  
     In the frames of this work we also ignored the influence of inelastic processes and 
electron correlations on the transport phenomena in molecular devices.  
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